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Abstract
With accumulation of high statistics data at BESIII, one may study many
new interesting channels. Among them, J/ψ → B∗B¯ + B¯∗B → γBB¯ pro-
cesses may provide valuable information of the radiative decays of the excited
baryons (N∗,Λ∗,Σ∗,Ξ∗), and may shed light on their internal quark-gluon
structure. Our estimation for the branching ratios of the nucleon excitations
N∗(1440), N∗(1535) and N∗(1520) from the reaction J/ψ → N∗p¯ + N¯∗p →
pp¯γ, indicates that these processes can be studied at BESIII with 1010 J/ψ
events. Explicit theoretical formulae for the partial wave analysis (PWA) of
the J/ψ → B∗B¯ + B¯∗B with B∗ → Bγ and B¯∗ → B¯γ within covariant L-S
Scheme are provided.
PACS: 13.20.Gg, 14.20.Jn, 11.80.Et
1 Introduction
Baryons B(N,Λ,Σ,Ξ, · · ·) and their excited states B∗(N∗,Λ∗,Σ∗,Ξ∗, · · ·) are com-
plex systems of confined quarks and gluons. Excited baryons are sensitive to de-
tails of quark confinement [1] which is poorly understood within the fundamental
theory of strong interactions - Quantum Chromodynamics (QCD). Thus, under-
standing their structure and determining their properties (masses, decay widths,
branching ratios, spins, parities, electromagnetic form factors, magnetic moments,
polarizabilities) will provide a better understanding of how confinement works in
baryons. Concerning the internal quark-gluon structure of baryons there are various
proposed configurations: (a) the classical constituent three quark (qqq) states; (b)
qqqg hybrid states [2]; (c) diquark-quark states [3, 4]; (d) meson-baryon states [5]-
[8]; (e) pentaquark with diquark clusters [9]-[13], etc. A series of new experiments
on excited nucleon N∗ physics with electromagnetic probes have been started at
1dulat98@yahoo.com
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modern facilities such as TJNAF [14], ELSA [15], GRAAL [16], SPRING8 [17] and
BEPC [18, 19]. In last few years these facilities provided a considerable amount of
precise data for various excited nucleon production and decay channels and opened
a great opportunity to make quantitative investigations of the baryon structure. To
extract properties ofN∗ resonances partial wave analysis (PWA) is necessary. In this
paper, first we show that the radiative decays of baryons can be studied at BESIII
with expected 1010 J/ψ events. Then we provide PWA formulae within covariant
L-S Scheme [20] for multi-step chain processes J/ψ → B∗B¯+B¯∗B → γBB¯. Because
electromagnetic transition rates of excited baryons to their respective ground states
offer a stringent test on the quark model dynamics [21, 22], it is therefore highly de-
sirable to study the electromagnetic decay rates from excited baryon states in order
to refine the quark model description of the baryons. To date very few electromag-
netic transition rates have been measured for the excited baryon resonances [23].
For a detailed discussion of the experimental and theoretical status of the excited
baryons and their electromagnetic decays, see the review by Landsberg [21].
2 Estimation of branching ratios for J/ψ → B∗B¯+
B¯∗B → BB¯γ
In hadron spectroscopy, the ground states of the hadron spectrum are now well
understood. However, the excited states still prove a significant challenge. The
first excited state N∗(1440)P11 with positive parity J
P = 1/2+, and the adjacent
excited state N∗(1535)S11 with negative parity J
P = 1/2−, as well as N∗(1520)D13
with JP = 3/2− have been identified by using various techniques. Although these
four-star resonances are within the energy region of many modern research facilities,
their properties including radiative decays are still not well determined. Previous
BES experiments already clearly observed these resonances in J/ψ → pp¯η, p¯nπ+ +
c.c., p¯pπ0 [18, 19]. With two orders of magnitude higher statistics at BESIII, the
radiative decays of these N∗ may also be studied in J/ψ → γpp¯. In fact, this decay
channel has already been studied by BESII experiment. A strong narrow peak
X(1860) near the threshold in the invariant mass spectrum of proton-antiproton
pairs was observed [24]. The branching ratio for J/ψ → γpp¯ is about 3.8×10−4 [23],
among which the contribution of J/ψ → γX(1860)→ γpp¯ is about 7.0× 10−5 [24].
The PWA formulae for determining quantum numbers of intermediate resonances
decaying to pp¯ are given in Ref.[25]. Due to limited statistics and large background
from J/ψ → p¯pπ0 channel, no observation of N∗ → pγ was reported.
Based on the branching ratios for the reaction J/ψ → N∗p¯ + N¯∗p measured
by BESII [19] and branching ratios of N∗ → pγ given by PDG [23], we give the
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Table 1: The mass (MeV), widths (MeV), and branching ratios (10−6) for J/ψ →
N∗p¯+ N¯∗p→ pγp¯ through intermediate N∗ states.
MN∗ Γ Br(J/ψ→N∗p¯+N¯∗p) Br(N∗ → pγ) Br(J/ψ→pγp¯)
938 210 ∼ 224[23] 19.8 ∼ 21.0
1440 300 133 ∼ 354[19] 350 ∼ 480 [23] 0.046 ∼ 0.170
1535 150 92 ∼ 210[19] 1500 ∼ 3500[23] 0.138 ∼ 0.735
1520 115 34 ∼ 154[19] 4600 ∼ 5600[23] 0.156 ∼ 0.862
estimation of branching ratios for the reaction J/ψ → N∗p¯ + N¯∗p → pp¯γ through
the intermediate N∗ = p(938), N∗(1440), N∗(1535) and N∗(1520) states as shown
in Table 1.
In the estimation of the contribution from the off-shell nucleon pole, we use the
following effective lagrangian for the vertex γpp [26]
Lγpp = −eψ¯p(γµAµ − κp
2Mp
σµν∂νAµ)ψp ,
where κp = 2.739 is the magnetic moment of the proton. The following off-shell
form factor is assumed
F =
Λ4
Λ4 + (p2N∗ −m2N∗)2
, (1)
with Λ = 0.8GeV . Here we also use the experimental photon energy cut condition
Eγ > 25MeV . Because of the zero width of proton, the main contribution for
J/ψ → pp¯ → pp¯γ is from the low energy photon, for example, the branching ratio
will be reduced to 6.7 × 10−6 for the photon energy cut Eγ > 100MeV . The
contribution from the off-shell proton pole contribution is well separated from those
from N∗ contributions on the Dalitz plot.
Due to flavor SU(3) symmetry, the excited hyperons are produced at a similar
rate. So the typical branching ratio for the J/ψ → B∗B¯ + B¯∗B → γBB¯ processes
is about 10−7 ∼ 10−6. With expected 1010 J/ψ events and much improved photon
detection at BESIII, these processes can definitely be studied in order to provide
unique information on the structure of various excited nucleon and hyperon states,
and to give substantial insight into the non-perturbative aspects of the QCD.
3 Formalism
Now we present the necessary tools for the construction of covariant L-S scheme
for the B∗B¯M(B¯∗BM) and B∗Bγ(B¯∗B¯γ) couplings. The partial wave amplitudes
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Uµνi in the covariant L-S scheme can be constructed by using pure orbital angular
momentum covariant tensors t˜(Lbc)µ1···µLbc
, covariant spin wave functions ψ (Ψ) or φ (Φ),
metric tensor gµν , totally antisymmetric Levi-Civita tensor ǫµνλσ and momentum of
parent particle.
For a given hadronic decay process a→ bc, in the L-S scheme on hadronic level,
the initial state is described by its 4-momentum pµ and its spin state Sa; the final
state is described by the relative orbital angular momentum state of bc system Lbc
and their spin states (Sb, Sc). The spin states (Sa, Sb, Sc) can be well represented
by the relativistic Rarita-Schwinger spin wave functions for particles of arbitrary
spin [27, 28, 29, 30]. The spin-1
2
wavefunction is the standard Dirac spinor u(p, S)
or v(p, S) and the spin-1 wave function is the standard spin-1 polarization four-vector









with pµεµ(p, S) = 0, which states that spin-1 wave function is orthogonal to its own
momentum. Here the Minkowsky metric tensor has the form
gµν = diag(1,−1,−1,−1).
Spin wave functions for particles of higher spins are constructed from these two basic
spin wave functions with C-G coefficients (J1, J1z; J2, J2z|J, Jz) as
εµ1µ2···µn(p, n, S) =
∑
Sn−1,Sn
(n− 1, Sn−1; 1, Sn|n, S)εµ1µ2···µn−1(p, n− 1, Sn−1)εµn(p, Sn)
(3)












, S)εµ1µ2···µn(p, n, Sn)u(p, Sn+1)
(4)
for a particle with half integer spin n + 1
2
of n ≥ 1. For an antiparticle with half
integer spin n+ 1
2












, S)εµ1µ2···µn(p, n, Sn)v(p, Sn+1)
(5)
For a process a→ b+ c, if there exists a relative orbital angular momentum Lbc
between the particle b and c, then the orbital angular momentum Lbc state can be
represented by covariant tensor wave functions t˜(L)µ1···µL, which are the same as for
meson decay [20, 29, 31]
t˜(0) = 1, (6)
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t˜(1)µ = g˜µν(pa)r
ν ≡ r˜µ , (7)
t˜(2)µν = r˜µr˜ν −
1
3
(r˜ · r˜)g˜µν , (8)
t˜
(3)
µνλ = r˜µr˜ν r˜λ −
1
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(r˜ · r˜)(g˜µν r˜λ + g˜νλr˜µ + g˜λµr˜ν) , (9)
t˜
(4)
µνλσ = r˜µr˜ν r˜λr˜σ −
1
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(r˜ · r˜)(g˜µν r˜λr˜σ + g˜νλr˜µr˜σ + g˜λµr˜ν r˜σ + g˜µσ r˜ν r˜λ
+ g˜νσ r˜λr˜µ + gλσr˜µr˜ν) +
1
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(r˜ · r˜)2(g˜µν g˜λσ + g˜νλg˜µσ + g˜λµg˜νσ) , (10)
t˜
(5)
µνλσδ = r˜µr˜ν r˜λr˜σ r˜δ −
1
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(r˜ · r˜)(g˜µν r˜λr˜σ r˜δ + g˜νλr˜µr˜σ r˜δ + g˜λµr˜ν r˜σ r˜δ + g˜µσ r˜ν r˜λr˜δ
+ g˜νσ r˜λr˜µr˜δ + gλσ r˜µr˜ν r˜δ + g˜δµr˜λr˜µr˜σ + g˜δν r˜λr˜µr˜σ + g˜δσ r˜λr˜µr˜ν
+ g˜δλr˜ν r˜µr˜σ) +
1
63
(r˜ · r˜)2(g˜µν g˜λσr˜δ + g˜νλg˜µσ r˜δ + g˜λµg˜νσ r˜δ + g˜µν g˜λδ r˜σ
+ g˜νλg˜µδ r˜σ + g˜λµg˜νδr˜σ + g˜µν g˜δσ r˜λ + g˜νδg˜µσ r˜λ + g˜δµg˜νσ r˜λ + g˜λν g˜δσ r˜µ
+ g˜νδg˜λσr˜µ + g˜δλg˜νσr˜µ + g˜λµg˜δσ r˜ν + g˜µδg˜λσ r˜ν + g˜δλg˜µσ r˜ν) , (11)
· · ·
t˜(L)µi1µi2 ···µiL






(2L− 1)(2L− 3) · · · (2L− 2l + 1)
× 1
2ll!
(g˜µi1µi2 g˜µi3µi4 · · · g˜µi2l−1µi2l + µi1 , µi2, · · ·µi2l permutation, (2l)! term)
×(r˜µ1 r˜µ2 · · · r˜µi1−1 r˜µi1+1 · · · r˜µi2−1 r˜µi2+1 · · · r˜µi2l−1 r˜µi2l+1 · · · r˜µL), (12)
where r = pb − pc is the relative four momentum of the two decay products in the




















, gµν = diag(1,−1,−1,−1) .
In the L-S scheme, we need to use the conservation relation of total angular mo-
mentum
Sa = Sb + Sc + Lbc or − Sa + Sb + Sc + Lbc = 0. (13)
Besides the parity should be conserved, which means
ηa = ηbηc(−1)L, (14)
where ηa, ηb and ηc are the intrinsic parities of particles a, b and c, respectively. From
this relation, one knows whether L should be even or odd. Then from Eq.(13) one
can figure out how many different L-S combinations, which determine the number
of independent couplings.
Comparing with the pure meson case [29], here we need to introduce the concept
of relativistic total spin of two fermions. For the case of a as a vector meson, b as
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B∗ with spin n + 1
2
and c as B¯ with spin-1
2
, the total spin of bc (Sbc) can be either
n or n+ 1. The two Sbc states can be represented as
ψ(n)µ1···µn = u¯µ1···µn(pb, Sb)γ5v(pc, Sc), (15)




+(µ1 ↔ µn+1) + · · ·+ (µn ↔ µn+1) (16)
for Sbc of n and n + 1, respectively. As a special case of n = 0, we have
ψ(0) = u¯(pb, Sb)γ5v(pc, Sc), (17)




Here rµ term is necessary to cancel out the pˆ-dependent component in the simple
u¯γµv expression.
For the case of a as a vector meson, b as excited anti-baryons (B¯∗) with spin
n+ 1
2
and c as baryons (B) with spin-1
2
, the above equations can be written as
ψC(n)µ1···µn = −u¯(pc, Sc)γ5vµ1···µn(pb, Sb), (19)




+(µ1 ↔ µn+1) + · · ·+ (µn ↔ µn+1) (20)
for Sbc of n and n + 1, respectively. As a special case of n = 0, we have
ψC(0) = −u¯(pc, Sc)γ5v(pb, Sb), (21)




For the case of a as excited baryons (B∗) with spin n+ 1
2
, b as baryons (B) and
c as a meson, one needs to couple −Sa and Sb first to get Sab ≡ −Sa + Sb states,
which are
φ(n)µ1···µn = u¯(pb, Sb)uµ1···µn(pa, Sa), (23)
Φ(n+1)µ1···µn+1 = u¯(pb, Sb)γ5γ˜µn+1uµ1···µn(pa, Sa) + (µ1 ↔ µn+1) + · · ·+ (µn ↔ µn+1)
(24)
for Sab of n and n + 1, respectively.
φ(0) = u¯(pb, Sb)u(pa, Sa), (25)
Φ(1)µ = u¯(pb, Sb)γ5γ˜µu(pa, Sa) (26)
with γ˜µ = g˜µν(pa)γ
ν .
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For the case of a as excited antibaryons (B¯∗) with spin n+ 1
2
, b as an antibaryon
(B¯) and c as a meson, as before one needs to couple −Sa and Sb first to get Sab ≡
−Sa + Sb states, which are
φC(n)µ1···µn = v¯µ1···µn(pa, Sa)v(pb, Sb), (27)
ΦC(n+1)µ1···µn+1 = v¯µ1···µn(pa, Sa)γ5γ˜µn+1v(pb, Sb) + (µ1 ↔ µn+1) + · · ·+ (µn ↔ µn+1)
(28)
for Sab of n and n + 1, respectively. As a special case of n = 0, we have
φC(0) = v¯(pa, Sa)v(pb, Sb), (29)
ΦC(1)µ = v¯(pa, Sa)γ5γ˜µv(pb, Sb). (30)
4 Partial Wave Amplitudes
We consider the following process
J/ψ → B∗B¯ + B¯∗B → γBB¯ , (31)












. We denote the four momenta of J/ψ,
B∗(B¯∗) and γ by pµ, pB∗µ(pB¯∗µ) and qµ . The orbital spin tensor describing the first
and second steps will be denoted by T˜ (L)µ1···µL and t˜
(l)
µ1···µl
. For the process (31) the
general form of the decay amplitude is
M = εµ(p, SJ/ψ)e
∗
ν(q, Sγ)M






where εµ(p, SJ/ψ) is the polarization four vector of the J/ψ; eν(q, Sγ) is the polar-
ization four vector of the photon; SJ/ψ and Sγ are the spins of J/ψ and photon; U
µν
i,j
is the i-th B∗ and B¯∗, j-th partial wave amplitude with complex coupling constants
to be determined by the experiment. The spin-1 polarization four vector εµ(p, SJ/ψ)
for J/ψ with four momentum pµ satisfies the relation in Eq.(2). For J/ψ production
from e+e− annihilation, the electrons are highly relativistic, with the result that
Jz = ±1 for the J/ψ spin projection taking the beam direction as the z-axis. This





µ′(p, SJ/ψ) = δµµ′(δµ1 + δµ2). (33)
For the photon polarization four vector, there is the usual Lorentz orthogonality con-
ditions. Namely, the polarization four vector eν(q, Sγ) of the photon with momenta
q satisfies
qνeν(q, Sγ) = 0, (34)
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which states that spin-1 wave function is orthogonal to its own momentum. The
above relation is the same as for a massive vector meson. However, for the photon,
there is an additional gauge invariance condition
∑
Sγ




(q ·K)2 qµqν ≡ −g
(⊥⊥)
µν (35)


























)Bγ couplings, the gauge invariance requirement for the B∗Bγ couplings
reduces the number of independent amplitudes. For example, the partial wave






















λ pˆB∗σ , M
ν
2 = Φ













3 )qν = 0 , (38)
we get the following relation
g2 = −3
5





which means that there are two independent partial wave amplitudes. Refs.[32, 33]
also provided basically equivalent partial wave amplitude formulae for the vertex
B∗Bγ in the spin-orbital approach. In order to be able to compare our results with
conventional helicity amplitudes for the radiative decays of baryon resonances [23],
we also give the relation between our coupling constants and helicity amplitudes in
the Appendix.
To compute decay width, we need an expression for |M |2. Note that the square
modulus of the decay amplitude, which gives the decay probability of a certain
configuration should be independent of any particular frame, that is, a Lorentz




|M|2dΦ3(p; qγ, pB, pB¯) , (40)









































the standard Lorentz invariant 3-body phase space element dΦ3 is given by
dΦ3(p; q, pB, pB¯) = δ










From (31) we see that B∗ and B¯∗ are the intermediate resonances decaying into
Bγ and B¯∗γ respectively, therefore we need to introduce into the amplitude the




























































































































































p2B¯∗ −m2B¯∗ + imB¯∗ΓB¯∗
, (47)









































































(g˜τµg˜να + g˜τν g˜µα + g˜ταg˜µν)(g˜ρβg˜λσ + g˜ρλg˜βσ + g˜ρσg˜βλ).
(49)
For the different partial wave amplitudes, we use the following notation
(SB∗B¯/B¯∗B , LB∗B¯/B¯∗B , SB∗B/B¯∗B¯),
where SB∗B¯/B¯∗B = SB∗ + SB¯ or SB¯∗ + SB; LB∗B¯/B¯∗B is the relative orbital angular
momentum between B∗ and B¯ or B¯∗ and B; SB∗B/B¯∗B¯ = −SB∗ +SB or −SB¯∗ +SB¯.
In the following by considering the parity and angular momentum conservations we
provide all relevant covariant amplitudes for the process (31). In these amplitudes,
1, 2 and 3 denote the three final state particles B, B¯ and γ.


















), we find two













) states, and one independent covariant amplitudes













). All in all we get the following two covariant amplitudes with two inde-





















































B¯γ ) , (51)
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) we get the fol-
lowing two covariant amplitudes with two independent coupling constants gi,a and
gi,b which are determined by the experiment
(0, 1, 1)
Uµνi,1 = g















































































































, we get the six covariant amplitudes for i-th B∗(B¯∗) with five independent








γ which are determined by the exper-






































































































































































































































































































































































































































































































































































































































































































































































































































































































































) we get the following
six covariant amplitudes
































































































































































































































































































































































































































































































































































































































































































































































































































































































































































(pB∗ , SB∗ ; pB, SB) , Φ
(n+1)
µ1···µn+




(pB¯∗ , SB¯∗ ; pB, SB) , Ψ
C(n+1)
µ1···µn+1
= ΨC(n+1)µ1···µn+1(pB¯∗ , SB¯∗ ; pB, SB) ,
φC(n)µ1···µn = φ
C(n)















For the reaction J/ψ → pp¯ → γpp¯ we get following two covariant amplitudes




































p¯γ ) , (90)
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p¯γ from equation (47), by setting Γp∗ and Γp¯∗ to zero; moreover








which are obtained from the effective lagrangian of NNγ.
5 Conclusion
To provide a consistent and complete picture of baryon resonances, the various pos-
sible production and decay channels need to be explored. With estimated branch-
ing ratios for contribution of the N∗(1440), N∗(1535) and N∗(1520) to the process
J/ψ → γpp¯, we propose to study radiative decays of excited nucleon and hyperon
states through J/ψ → B∗B¯+B¯∗B → γBB¯ processes at BESIII. We provide explicit













. These formulae can be used to perform partial wave analysis of forthcoming
high statistics data from BESIII on these channels to extract various useful infor-
mation on the excited baryons. The BESIII can produce ground state (N ,Λ,Σ,Ξ)
and the excited baryon states (N∗,Λ∗,Σ∗,Ξ∗) via J/ψ → B∗B¯ + B¯∗B → γBB¯, as
well as can do further investigations into the dynamics of the excited baryons. We
hope that our knowledge about the structure of the excited baryon resonances and
about the mechanisms of nucleon and hyperon production will be clarified by the
near future studies at BESIII.
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Appendix: The Relation with the Helicity Ampli-
tude
In this appendix, we discuss the relation between amplitudes in the L-S and helicity
formalism for B∗ → Bγ. From Ref.[36], the radiative decay width is related to the
19








(|A3/2|2 + |A1/2|2), (91)
where k is the three momentum of photon, and J is the total spin of B∗. Let us
consider that the photon is moving along the z axis, and the photon is right-handed
polarized, in other words, the spin of the photon is along the z-axis. A3/2 is the
spin-3/2 helicity amplitude of the initial B∗ in a state with |J, 3/2 > and final B in
a state with |1/2, 1/2 >, and A1/2 denotes the spin-1/2 helicity amplitude of the B∗
with |J, 1/2 > and final B with |1/2,−1/2 >.


























(|M(3/2,1/2,1)|2 + |M(1/2,−1/2,1)|2). (92)
By comparing Eq.(91) with the Eq.(92), we can have the relation between the helicity












|(g1M1(1/2,−1/2,1) + g2M2(1/2,−1/2,1))|2. (94)




) → Bγ. From











(r˜ · r˜)Φ(2)νµ t˜(1)µ ǫ∗ν + Φ(2)µλ t˜(3)µλνǫ∗ν . (96)































































where B∗ is at rest, in other words, pB∗ = (mB∗ , 0, 0, 0), pB = (EB, 0, 0,−k) and













ǫµ(mB∗ , 1, 1), (102)




ǫµ(mB∗ , 1, 1), (103)





3(ǫµ(mB∗ , 1, 1)ǫν(mB∗ , 1, 0)
+ǫµ(mB∗ , 1, 0)ǫν(mB∗ , 1, 1)), (104)




(ǫµ(mB∗ , 1, 1)ǫν(mB∗ , 1, 0)
+ǫµ(mB∗ , 1, 0)ǫν(mB∗ , 1, 1)). (105)
At last, we get the following amplitudes M(sB∗ , sB, sγ)

























where we have used the following relations
iǫµabc = γ5(γµγaγbγc − γµγagbc + γµγbgac − γµγcgab
















 , i = 1, 2, 3. (111)
Now we list the relation between the square of the helicity amplitudes and square of












)→ Bγ as follows























(r˜ · r˜)Φ(1)µ ǫ∗µ + Φ(1)µ ǫ∗ν t˜(2)µν , (115)


















(r˜ · r˜)Φ(2)µνǫ∗µt˜(1)ν + Φ(2)µλ t˜(3)µλνǫ∗ν , (118)




k|gaγ − 12gbγk2|2, (119)
|A3/2|2 = EB +mB
2mB














λ pˆB∗σ , (122)




k3| − gaγ + 3gbγ|2, (123)
|A3/2|2 = EB +mB
2mB














λ pˆB∗σ , (126)




k5| − gaγ + 4gbγ|2, (127)



















(r˜ · r˜)Φ(3)µνλǫ∗µt˜(2)νλ + Φ(3)µνλt˜(4)µνλσǫ∗σ, (130)




k3|gaγ − 16gbγk2|2, (131)















λ pˆB∗σ , (133)
M2 = −5
9
(r˜ · r˜)Φ(4)µνλσǫ∗µt˜(3)νλσ + Φ(4)µνλσ t˜(5)µνλσδǫ∗δ , (134)




k5|gaγ − 20gbγk2|2, (135)


















λ pˆB∗σ , (138)




k7| − gaγ + 5gbγ|2, (139)




k7| − gaγ − 3gbγ|2. (140)
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